The atrial activation sequences during 15 episodes of sustained atrial flutters were determined in the isolated hearts of four dogs with surgically induced right atrial enlargement (TI/PS dogs). These sequences were compared with the activation sequences of six episodes of nonsustained atrial tachyarrhythmias induced in three control hearts. Total endocardial activation of both atria during normal sinus rhythm and during the arrhythmias was determined first by recording simultaneously from 192 pairs of recording electrodes positioned into egg-shaped electrode arrays, and then by determining the moment of activation from each of the recorded electrograms. Isochronal maps of total activation were constructed by computer. Nonsustained atrial rhythms inducible in control hearts were due to circus movement excitation either in the left atrium (two episodes) or in the right atrium (four episodes). On the other hand, all 15 episodes of sustained atrial flutter induced and mapped in the TI/PS dog hearts were due to reentrant excitation in the enlarged right atrium. The reentrant pattern could be in a clockwise or counterclockwise pattern. In these episodes of stable flutter an area of functional block was an essential component to the reentrant excitation. (Circulation Research 1988;62:596-608)
U se of a computer-assisted data acquisition and analysis system has enabled investigators to more precisely examine the mechanisms of several types of tachyarrhythmias as they occur in experimental animal models. 1 "* In particular, several studies have investigated the mechanism of an atrial flutter in the dog heart. u - 8 ' In each of these, a reentrant circuit was shown to be the mechanism of the atrial flutter. However, these arrhythmias were induced by application of acetylcholine 3 or by electrical stimulation after crushing the intercaval region or an area of the atrial free wall. 18 These models obviously do not duplicate the clinical pathophysiology that can lead to atrial flutter in humans.
Atrial enlargement is often an important factor in clinically occurring atrial flutters. 10 " 12 In this report, we present the results of mapping studies of the sustained atrial flutters in dogs in which chronic right atrial enlargement is produced surgically (TI/PS dogs). In a previous report, we showed that the chronic right atrial enlargement in these dogs caused consistent changes in the susceptibility to the sustained arrhythmias, particularly atrial flutter. 13 The change in susceptibility to arrhythmias in these dogs occurs in the absence of significant alterations in the transmembrane potentials of the atrial fibers. In addition, the flutter that can be induced in the awake TI/PS dog by rapid atrial pacing is reproducible over a period of months, and once induced, is generally of long duration. 13 Because of these characteristics, this preparation is suitable for pharmacological studies, 14 as well as for electrophysiological studies designed to determine the mechanism of the atrial flutter in a heart with right atrial enlargement.
Electrical stimulation of normal canine atria sometimes can result in nonsustained rapid atrial flutters or atrial "flitters" -a combination of atrial fibrillation and flutter. 81315 Therefore, to determine whether procedures used in these stud ies of atrial flutter in the TI/PS dog might not of themselves cause a change in the susceptibility to rapid persistent atrial tachyarrhythmias, we also determined the pattern of activation of nonsustained arrhythmias induced by electrical stimulation in three dogs with normal atria.
Materials and Methods
Four mongrel dogs were prepared by creating the tricuspid insufficiency and, postoperativery, the pulmonary occlusion. Each dog was then studied for 2-12 months to make observations on the occurrence of flutter (rate, induction, persistence, and termination). Then, the prepared heart was excised and supported in vitro, and the excitation sequence mapped during sinus rhythm and during the induced flutters.
The details of the surgical procedure have been described. 1314 In the procedure, the cutting of the chordae tendineae and the septal cusp of the tricuspid valve was done using a specially designed knife inserted through the azygous vein. Partial occlusion of the pulmonary artery was produced in each dog during the postoperative period by adding small amounts of saline to an occluder catheter that had been placed around the pulmonary artery at the time of surgery.
In addition, at the time of surgery, five plaques, each containing two silver electrodes, were sutured to various sites on the epicardium of the left (LA) and right atrium (RA). These electrodes were used later to record bipolar electrograms as well as to stimulate the atria of the conscious TI/PS dog. As has been described, 13 electrical stimulation of the atria of the TI/PS dog results in sustained atrial flutters when the dog is studied while conscious. In the four TI/PS dogs included in this study, atrial flutters comparable in rate, rhythm, and duration to that of the arrhythmias in our earlier work 13 " could be induced reproducibly.
Isolated Heart Technique
A general description of the isolated heart procedure used in these studies has been provided elsewhere. 8 Coronary artery perfusion of each of the isolated TI/PS hearts was provided by the blood from a normal dog. For the present studies, hearts were isolated from each TI/PS dog from 60 to 364 days after the original surgical procedure. During this period, it was determined for each conscious dog that a reproducible, long-lasting atrial flutter could be induced by electrical stimulation.
Electrode Arrays
For each mapping experiment, two fixed arrays of bipolar electrodes were used to determine the pattern of atrial endocardial activation. These electrodes were designed after the egg-shaped multiple recording electrodes used by Allessie et al. 3 However, the shape and size of the right atrial egg electrode were modified to accommodate the enlarged RA of the TI/PS dog. Both right and left egg electrodes were made from a fiberglass material. Each electrode array contained 192 Teflon-coated silver wires, thus providing 96 pairs of bipolar electrodes (interelectrode distance, 2-3 mm).
In some experiments, a third denser right atrial electrode array was used. This was similar to the original right atrial egg but contained 384 Teflon-coated silver wires, thus providing 192 pairs of record ing electrodes within one array. Electrode arrays were inserted into the atrial cavities through openings in the ventricles. With the electrodes in place, we could record bipolar electrograms from 192 endocardial sites, including the intra-atrial septum. Therefore, a map of nearly total atrial endocardial activation could be obtained with only the tips of the appendages and a small region in the superior vena cava (SVC) region not included.
Data Acquisition and Analysis
We recorded electrical activity simultaneously from 192 sites on the atrial endocardial surface to determine the patterns of activation during the sustained atrial flutters in the hearts of the TI/PS dogs and compared them with the patterns of activation during nonsustained tachyarrhythmias that were inducible in normal dog atria.
Methods for data acquisition and analysis have been previously described. 816 Selected segments of data recorded on tape during an experiment were chosen for detailed off-line analysis using a PDP computer (11/34, DEC, Maynard, Massachusetts). Each segment of interest was stored as a data file on disk. Electrograms were displayed on a Tektronix 4010 (Beaverton, Oregon) graphics terminal, and the moment of activation of each site was marked by hand using a cursor. The moment of activation was taken as the time of the intrinsic deflection in a predominantly monophasic or biphasic recording. In some recordings, multiple component electrograms were seen. Care was taken first to identify all components that were due to ventricular activation, then to mark the atrial activity accordingly. For example, for a triphasic electrogram, the time of the peak of the major deflection was marked. From these activation times, isochronal maps were constructed by the computer using a twodimensional representation of the electrode arrays. The right atrial electrode array was oriented in the right atrial cavity with the apex of the egg always pointing toward the appendage ( Figure 1A ). The base of the egg fit into the atrial cavity with a portion of both the front and the back of the egg adjacent to the tissues of the intercaval region and the intra-atrial septum. Figures  IB and 1C illustrate the planar projections of the two right atrial eggs as viewed from above and as used for depicting the maps of right atrial activation in this study. These projections show the right atrial eggs opened along a line that divides the front (free wall) and back (aortic) sides of the egg. When the egg is inserted into the right atrial cavity, activation in the area adjacent to the thickened lines denotes activation in the atrial tissues that surround the tricuspid valve as well as the atrial tissue that lies between the inferior vena cava (IVC) and the tricuspid valve and forms an anatomic bridge between the free wall and aortic endocardial surfaces. A top view of a planar projection of the left atrial egg is similar and illustrated in Figure ID .
Results

Isolated Hearts From Dogs With Normal-Sized Atria
Normal sinus rhythm. Careful placement of the egg electrodes in the RA and LA had no effect on atrial conduction since inspection of activation sequence of several sinus beats in the three control dogs showed a pattern of atrial excitation similar to previously published data. 16 -817 " 19 One such map is shown in Figure 2 . The endocardial site of earliest activation is near the sinoatrial node. The map shows the sinus impulse spreading in a centrifugal fashion with wavefronts traveling from the sinus node area toward the appendage (at the top of the figure) and toward the IVC. Total right atrial activation was completed within 75 msec with the tips of the appendage being the latest site activated. Earliest endocardial breakthrough in the LA was within 25 msec after the origin of the impulse in the sinus node area. Left atrial endocardial activation occurred in a sequence similar to that previously described. 
Each egg-shaped array has been cut along its basal margin and is viewed from above. All edges are contiguous with corresponding edges symmetric with respect to the long axis, except for the area of the egg where the electrode leads project from the egg toward the ventricle (heavy black lines). The anatomic locations of the appendage (App), free wall (F), Ao and septal (S) walls, and SVC and IVC are indicated. Each dot represents the location of a pair of recording electrodes. Shaded areas in B and C denote the location of the limbus fossa ovalis. Small black lines in B and C represent 6 and 5 mm, respectively. Panel D is a top view of a planar projection of the left atrial egg electrode. This grid has been rotated 90°. Shaded area in Panel D denotes the insertion of the pulmonary veins into the left atrial free wall. Small black line represents 7 mm.
overdrive stimulation from a high right atrial epicardial site could induce only nonsustained (generally less than 4 minutes in duration) rapid, repetitive atrial activity in the normal atria. This rinding is similar to our previously published observations. 813 The cycle length of this repetitive activity varied from episode to episode as well as from beat to beat (range 100-154 msec). Activation maps of several consecutive cycles of each of six different episodes of these nonsustained arrhythmias were analyzed.
For the six episodes analyzed, the site of the circus movement varied. In two different episodes (in the same dog), the pathway of the circulating impulse included tissues in both the RA and the LA. In both episodes, the cycle length of the rhythm was regular (154 msec). Activation maps during one beat of one of these episodes are illustrated in Figure 3 .
The two panels (A and B) and their insets (a and b) in Figure 3 show that the sequence of activation during a single beat of this nonsustained arrhythmia was as follows: a major wavefront spread along the cranial aspect of the LA from the appendage toward the septal wall (see the hatched area in Figure 3A ). This wavefront then spread down the septal region of the left atrial aortic wall, while also spreading down the left atrial free wall. However, this latter wavefront then circled back on itself by traveling through the left atrial tissue lying just above the mitral orifice. Approximately 120 msec after the beginning of the cycle, the wavefront entered the left atrial appendage area on both from this site as two wavefronts. One proceeded from the aortic wall to the free wall while the second proceeded along the lower edge of the right atrial aortic wall into the septal area. This second wavefront blocked there. The first wavefront also blocked (at the 70-msec isochrone) in the mid-free-wall area. Total right atrial activation was completed when, at 100 msec (**), another wavefront emerged in the septal area of the right atrial wall and traveled up and around tissues of the septum to arrive and collide with the wavefront in the area of the midwall block. Activation of the RA occurring as a result of this wavefront was 10-20 msec later than the time it took the left atrial wavefront to circle around and reexcite the LA (154 msec). This pattern of activation was similar in one other episode of nonsustained tachyarrhythmia analyzed in a control heart. Therefore, in two episodes of nonsustained flutter in control hearts, reentrant excitation occurred in a region of the left atrial free wall. Right atrial activation was secondary to the activity in the LA.
In the four other episodes, the RA was the site of the circus movement. For one of these episodes, representative electrograms recorded from several right atrial sites are shown in Figure 4 . Note the variability in the atrial cycle length at any one site in some electrograms (No. 150 and No. 86, Figure 4B) that the pattern of right atrial activation differs within the time period of this episode of an arrhythmia or that conduction velocity varied greatly during this episode of tachycardia. When compared, the activation patterns of beats Tl and T4 (as indicated in Figure 4B and which are derived from the same nonsustained tachycardia) are different ( Figure 5 ). These differences suggest that this nonsustained arrhythmia may be similar to a fibrillation. 20 In two other episodes of nonsustained tachycardias in normal hearts, intra-atrial reentry was due to an impulse circulating around a naturally occurring structure. However, establishment of reentry required the presence of the naturally occurring structure as well as an area of functional block. In one case, intra-atrial reentry was due to the impulse circulating around the right atrial appendage but in the opposite direction to that illustrated in Figure 5B . This is not unlike the intra-atrial reentry illustrated by Allessie et al. 3 In the other case, intra-atrial reentry was due to the impulse traveling around the SVC in a counterclockwise direction (atrial cycle length [ACL] = 160 msec). However, this rhythm was quite unstable since the line of functional block that seemed to extend the orifice of the SVC was altered with each successive beat (data not shown). In the sixth episode of nonsustained tachycardia, continuation of the rhythm was due to intraatrial reentry around an area of functional block. The site of this area of functional block is in the right atrial mid-free-wall area. Maps obtained and electrograms recorded from this same region during normal sinus rhythm showed that conduction proceeded rapidly and uniformly throughout the tissues comprising the area of block.
Isolated Heart of TI/PS Dog
Sustained (>20 minutes in duration), reproducible flutters could be induced by atrial stimulation in all four TI/PS dog hearts while the animals were conscious prior to isolation of the heart. Each arrhythmia had a constant cycle length ranging from 120 to 153 msec with no more than ± 10% change in cycle length noted in any episode.
Normal sinus rhythm. Activation during normal sinus rhythm in the four TI/PS dogs was no different than in control hearts. From the earliest endocardial site in the sinoatrial node region of the RA, conduction proceeded down both the aortic wall and the free wall. The latest right atrial activation was at 59 msec and occurred at a site near the coronary sinus. Left atrial endocardial activation began 28 msec after the beginning of right atrial activation and continued in a cascading manner with wavefronts traveling down the aortic wall and the free wall. The latest activation occurred in the posterior region of the LA (at 70 msec). Figure  6 ). Fifteen episodes of sustained atrial flutter were analyzed. In general, several consecutive cycles during 
Sustained atrial flutter in TI/PS dog. The electrogram and ECG morphology of the atrial flutters induced in the isolated hearts of the TI/PS dogs were similar to the flutters induced in the TI/PS dogs in vivo (
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any one episode (totaling at least a second of the sustained flutter) were studied. The interval of flutter chosen for analysis occurred at least 5 minutes after initiation of flutter. The average cycle lengths of the induced flutters were similar to the cycle lengths of the flutters induced in vivo in the same dogs ( Figure 7 ). Except for arrhythmias in one TI/PS dog (A), the average cycle length of flutters induced in vivo was not different than cycle length of the flutters induced in the isolated heart (/?>0.05). In both instances, the cycle lengths were regular and the transmission to the ventricles was variable (2:1, 3:1, 4:1). The patterns of activation during flutter induced in the TI/PS dog heart were different from the patterns of the nonsustained tachycardias induced in normal hearts. First, in all flutter episodes examined, the rhythm was due to reentrant excitation in tissues of the enlarged RA (Figure 8) . Therefore, in all 15 episodes, the LA was activated by an impulse traveling from the RA to the LA. If viewed from above, impulse propagation in the RA during an episode of sustained atrial flutter was either in a clockwise (n = 10 episodes) or counterclockwise (n = 5) direction. In all four TI/PS dogs included in this study, at least one episode of sustained atrial flutter of each direction was analyzed.
In all 15 episodes of flutter, functional block occurred in the enlarged atrium. The area of functional block not only was not necessarily in the center of the reentrant pathway but also served as one of the two boundaries needed for reentrant pathway in a threedimensional surface. As we have described, 8 a boundary serves to prevent another impulse from shortcircuiting a potential reentrant pathway. One of the types of structures that can serve as a boundary is a functional barrier that is comprised of refractory tissue (a type II boundary, see Frame et al 8 ). In seven of 13 episodes analyzed, an area of functional block served as a primary boundary for the circulating impulse. The pattern of activation by one reentrant impulse in a TI/PS dog heart in which an area of functional block served as a boundary is shown in Figure 9A ,a. In Figure  9A , the activation pattern begins with an area of endocardial activation in a broad section of atrial tissue that lies in the right atrial aortic wall. Excitation proceeded toward the appendage region of the right atrial wall as well as over to the free wall. Two smaller wavefronts emerging from this same region circled around on themselves in the right atrial aortic wall and blocked at *. A fourth wavefront proceeded from this region to the free wall but was forced to proceed slowly 150.
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FIGURE 7. Atrial cycle length (ACL) of sustained flutters induced in four TI/PS dogs in vivo (left column) compared with those flutters induced in the isolated heart experiments (right column). Each dog is represented by a different symbol.
B FIGURE 8. A composite ofthe various activation sequences of the right atrium in 11 ofthe 15 episodes of sustained flutter induced in the TI/PS dogs. Isochrones and the response at each electrode site are eliminated for simplification. A dot represents the site of each recording electrode. Major wavefronts are depicted by the black arrows. Location of an area of block is represented by the thickened black line. Four episodes of counterclockwise flutter are shown (A,B,G,K). Seven episodes of clockwise flutter are shown (C-F, H,I,J). The following cycle lengths describe each panel [msecfpanel)]: 128(A), 130(B), 130(C), 120(D), 145(E), 151(F), 147(G), 130(H), 151(1), 120(J), and 135(Kj.
through one area, allowing enough time such that it joined the other wavefront. These two wavefronts coalesced, and then excitation proceeded from the free wall to the septal wall (aortic side) via the intercaval tissues to reexcite the RA. The stability of this pattern of reentrant excitation in the three-dimensional enlarged right atrial chamber is due to two factors. One is that the two smaller wavefronts exciting the aortic wall (septal region) blocked at *. If these wavefronts had not blocked here, they would have excited the region of the septum that eventually is excited from the circulating wavefront arising in the free wall. Second, if there had been no area of block or slowed conduction, the fourth wavefront described above would have arrived earlier at •* or would have arrived earlier at the atrial site in the intercaval tissue that becomes necessary for the reexcitation of the aortic wall. Whether it would by itself have proceeded into the septal region to recirculate would have depended on the refractoriness of the tissue there. The flutter illustrated in Figures 9B and 9C was induced in the same heart as that illustrated in Figure  9A . The pattern of circus movement is in the opposite direction to that in Figure 9A . However, once again the stability of this flutter depended on the areas of functional block located in the right atrial free wall. In Figures 9B and 9C , the area of block forces the major wavefront to proceed toward the right atrial appendage before going over to the aortic wall to excite the remainder of the right atrial chamber. Excitation proceeded as a major wavefront that coursed down the aortic wall toward the septal region. Reentrant excitation is complete as wavefronts collide and then reenter to excite the right atrial free wall (at 131 msec). The activation sequence of the subsequent beat of this same flutter episode is illustrated in Figure 9C . Note that during this regular stable flutter, the activation sequence of the atrium during this beat is similar to the activation sequence of Figure 9B . The areas identified in Figures 9A, 9B , and 9C are referred to as areas of functional block because examination ofthe pattern of excitation of these areas during normal sinus rhythm reveals no obvious slow or abnormal conduction (see Figure 10 ).
In six other episodes of flutter in the TI/PS dogs, the perpetuation ofthe arrhythmia in the enlarged RA was due to reentrant excitation around an area of functional block in right atrial free wall. In Figure 11 A, the pattern of atrial activation during one beat of the tachycardia induced in the enlarged RA is illustrated. Perpetuation of the flutter was due to circus movement of an impulse around an area of block located in the cranial aspect of the right atrial chamber. This type of reentry is similar to the examples shown above (e.g., see Figures 9B and 9C) but different from the pattern in Figure 9A for the following reason. The maps in Figure 11 A, as in maps of five other episodes, show that the path of the reentenng impulse is closely equivalent to the perimeter of the boundary of the rhythm (i.e., the area of functional block). In contrast, the map in Figure 9A shows the reentering impulse following a path that is greater in length than the perimeter of the area just around the functional block. The electrograms recorded from electrodes around this circuit do not show marked abnormalities (see Figure 11B ) but are different from those recorded during normal sinus rhythm ( Figure 11C ).
Finally, in two remaining episodes, reentrant excitation was due to a wavefront that circled around the right atrial chamber first in a cranial-caudal direction down the surface of the free wall (see Figure 12A,a) . Then, via a small portion of atrial tissue that lies between the IVC and the tissue ofthe tricuspid valve, the wavefront proceeded rapidly to excite the septal region ofthe aortic wall. Excitation then proceeded in a caudal-cranial direction up the aortic wall. Schematics illustrating the proposed pathway, which was similar in the two different episodes of flutter, are shown in insets 12a and 12B. This map also shows an area of functional block during the flutter, but the boundaries of this rhythm are complicated. For instance, in this figure, the SVC, an arc of functional block, and the IVC bound the rhythm on the upper edge, while the tricuspid valve orifice and the "geometric bulge" 8 of the right atrial appendage provide the boundary on the lower edge. This forces the impulse to travel via the tissue lying between the IVC and the valve orifice to the aortic wall (see Figure 12B ).
In conclusion, the sustained atrial flutters that are induced in dogs with right atrial enlargement are due to reentrant excitation within the RA. In all 15 episodes analyzed, an arc of functional block was an essential component of the reentrant excitation.
Discussion
We have shown by mapping total endocardial activation of the atria that the stable sustained atrial flutter inducible in dogs with surgically produced tricuspid insufficiency and pulmonary artery occlusion is due to continuous circus movement of an impulse within the enlarged RA. The stable persistent flutters characteristic of the TI/PS dogs were inducible in the isolated heart, and thus excitation sequence during the arrhythmia could be mapped.
The mapping technique involved the insertion of the egg-shaped electrodes into both atrial cavities. Acute distension and pressure possibly occurring during this insertion procedure did not alter the susceptibility to stable flutters since the insertion of the egg electrodes into the control hearts with normal atria did not increase susceptibility to stable flutters. Furthermore, patterns of total atrial activation during normal sinus rhythm in these hearts with the eggs in position were similar to previously published maps of atrial activation during normal sinus rhythm.
In two of the 15 episodes of stable flutter mapped in the RA of the TI/PS dog, intra-atrial reentry was due to circus movement via a pathway that was bounded in part by naturally occurring obstacles, the vena cavae and the tricuspid valve orifice (see Figure 12 ). Circus movement around anatomic obstacles, such as the vena cavae, has been described by Lewis 15 as a mechanism of canine atrial flutter in normal atria. However, in Lewis' studies, using the probe technique for determining patterns of atrial activation, total endocardial atrial activation sequence during the flutter was not determined. Yet, importantly, he originally defines three factors that may govern circulating waves in the atrium, while admitting that circus movement in the heart may be more complicated than it is in the narrow rings of muscle. 21 In other studies by Kimura, 22 Rosenblueth and Garcia Ramos, 23 and Frame et al, 8 after creation of a large obstacle (by surgical incision) in normal atrium, atrial flutters could be induced and were stable. The mechanisms of these flutters were determined to be due to circus movement around the surgically produced Interestingly, of the six episodes of nonsustained atrial rhythms mapped in the control hearts in this study, no map showed circus movement of the impulse via a pathway around both vena cavae. Presumably, the pathway around naturally occurring obstacles in normal RA is not large enough to sustain the circus movement. However, three of these episodes showed maps of activation where the pathway was around other anatomic obstacles naturally occurring in the RA: in two episodes, the pathway was around the right atrial appendage, and in one episode, the pathway was around the SVC. Therefore, in normal atria, we have shown that unstable atrial rhythms can be induced that are due to circus movement around naturally occurring anatomic obstacles.
In the 13 other episodes of intra-atrial reentry seen in the enlarged RA of the TI/PS dogs, an area of functional block served as one of the two boundaries needed for the circular pathway in the threedimensional atrium. These areas of functional block occurred at different right atrial sites in each of the different TI/PS dogs. However, the size and location of the functional block could change depending on whether the flutter induced was due to the impulse traveling in a clockwise or a counterclockwise direction. Conduction velocity of the impulse along this pathway was not uniform and depended upon the direction of the wavefront. For instance, in Figure 9 , conduction velocity of the reentrant impulse in the lower portion of the free wall was different in the clockwise flutter ( Figure 9A ) when compared with that in the counterclockwise flutter ( Figure 9B ) in the same heart. Presumably, this is because the wavefront was broad and traveled parallel to fiber orientation in Figure  9A , as opposed to the smaller wavefront that traveled perpendicular to fiber orientation in Figure 9B .
The concept of circus movement occurring in a sheet of muscle and not involving an anatomic obstacle was originally suggested by Garrey. 24 Studies describing the importance of functional barriers and circus movement in the atrioventricular node, 25 in Bachmann's bundle, 2 * and at the Purkinje-muscle junction 27 have also appeared. The importance of an arc of functional block in atrial tissue reentry has been emphasized by Allessie et al 3 in in vitro studies on isolated rabbit atrium.
28
" 30 It also has been suggested that it is important in an episode of spontaneous atrial flutter in a dog with general hypoplasia of the right atrial muscle (see Figure 4B in Boineau et al 1 ) and in the flutters induced in dogs with sterile pericarditis. 31 -32 In the studies presented here, we have extended these findings to include the sustained atrial flutters inducible in dogs with surgically induced right atrial enlargement.
Nature of Functional Block
In a majority of episodes of sustained atrial flutter induced in TI/PS dogs, the rhythm was dependent on an area of functional block. We believe this is functional conduction block since in all cases, during careful examination of conduction during normal sinus rhythm, we did not find any areas of total inexcitability or slowed conduction in these hearts. As noted by others, 2 "* electrograms in areas of functional block during an arrhythmia often show multiple complexes. We also observed this type of an electrogram in stable flutters induced in the TI/PS dog (e.g., see Figure 10 ) as well as in one episode of a nonsustained atrial rhythm that was induced in a control heart. A more careful examination of these areas of functional block suggests that these might be areas of "pseudo-block." Pseudoblock has recently been described by Dillon et al 33 to identify the type of "block" that occurs in some types of sustained ventricular arrhythmias. 33 In Figure 10A , recordings from sites along the line of block might not show real block but could represent very slowed conduction across it. This could be the case since several sites on the CTanial side of the block are activated nearly simultaneously. In the infarcted ventricular myocardium, this type of block has been related to the anisotropic nature of the myocardium. 33 It appears that for the enlarged atrium of the TI/PS dog, the underlying anisotropy could be a substrate for this type of block as well. For instance, by comparing maps of normal sinus rhythm ( Figure 10B ) of the atrium shown in Figure 10A , the anisotropic nature of this atrium is shown. The site of the pseudo-block occurring during the flutter seems to lie in the long axis of conduction just at a point where slowed conduction in the transverse direction occurs.
The structural complexities and the resultant geometric anisotropic nature of the normal atrium have been described by many, 34 and its role in atrial reentrant excitation has been examined. 35 - 36 These authors found that reentry can occur in a region of normal atrium having fairly uniform membrane properties and that the combined effects on fiber orientation and interrupting connective tissue septa result in irregular patterns of activation. 35 Perhaps these areas of functional block in the enlarged atria of the TI/PS dogs are also secondary to the underlying alterations in the anatomy of the atrium. We have shown that the altered susceptibility to sustained atrial tachyarrhythmias in these TI/PS dogs, 13 as well as to chronic atrial fibrillation in the markedly enlarged left atria of dogs with naturally occurring mitral valvular disease, 37 occurs in atrial tissues with reasonably normal transmembrane potentials. We also have shown that the tricuspid insufficiency and sustained pulmonary constriction produced in the TI/PS dog 13 and the resultant mitral insufficiency in dogs with mitral valvular fibrosis 37 both result in marked atrial cell hypertrophy and increased amounts of connective tissue, causing bundle separation and a disorganization of fiber orientation. The combined change in cell size and increase in connective tissue may exacerbate the nonuniform anisotropic nature of the atrium, causing more discontinuities of conduction and increasing the likelihood of reentrant excitation in the enlarged atrium.
